Bacteria grow and transform elements at different rates, and as yet, quantifying this variation in the environment is difficult. Determining isotope enrichment with fine taxonomic resolution after exposure to isotope tracers could help, but there are few suitable techniques. We propose a modification to stable isotope probing (SIP) that enables the isotopic composition of DNA from individual bacterial taxa after exposure to isotope tracers to be determined. In our modification, after isopycnic centrifugation, DNA is collected in multiple density fractions, and each fraction is sequenced separately. Taxon-specific density curves are produced for labeled and nonlabeled treatments, from which the shift in density for each individual taxon in response to isotope labeling is calculated. Expressing each taxon's density shift relative to that taxon's density measured without isotope enrichment accounts for the influence of nucleic acid composition on density and isolates the influence of isotope tracer assimilation. The shift in density translates quantitatively to isotopic enrichment. Because this revision to SIP allows quantitative measurements of isotope enrichment, we propose to call it quantitative stable isotope probing (qSIP). We demonstrated qSIP using soil incubations, in which soil bacteria exhibited strong taxonomic variations in 18 
T
he types of organisms present in an ecosystem profoundly influence its functioning, an idea well established for plants and animals, formalized in the state factor theory of ecosystem science (1) , and illustrated through the impacts of plant and animal invasions on ecosystem processes (2) . The physiological and taxonomic diversity of microorganisms far exceeds that of plants and animals combined (3) . Yet, despite progress in applying molecular tools to analyze the microbial diversity of intact assemblages (4) (5) (6) , our understanding of how individual microbial taxa affect ecosystem processes like element cycling remains weak. When applied to intact microbial assemblages, stable isotope probing (SIP) partly addresses this challenge, in that it physically links the fluxes of elements to an organism's genome. In conventional SIP, organisms that utilize isotopically labeled substrates incorporate the heavy isotope into their nucleic acids, increasing the density of those nucleic acids, which then migrate further along a cesium chloride density gradient formed during isopycnic centrifugation. This enables the organisms that utilized the labeled compound for growth to be identified (7) . Conventional SIP applications use a qualitative approach that uses visual identification of the separation caused by isotope incorporation (7) . The nucleic acids in density regions defined as "heavy" or "light" are then sequenced. Organisms disproportionately represented in the heavy region are interpreted as having utilized the labeled substrate for growth (8) (9) (10) (11) .
SIP is a robust technique to identify microbial populations that assimilate a labeled substrate, but it does not provide quantitative measures of assimilation rates, for three reasons. First, the distinction between labeled and unlabeled organisms is binary, defined by the density regions selected by the investigator, limiting the resolution of taxon-specific responses to labeled or unlabeled. Second, the distribution of DNA along the density gradient reflects the influences of both isotope incorporation and GC (guanine-plus-cytosine) content, because the density of DNA increases with its GC content (12) . Any comparison of density regions will reflect both influences, challenging inferences about quantitative isotope incorporation. Third, in conventional SIP, there are no assurances that the identification of the labeled community is complete. Low-GC-content organisms that incorporated the isotope label may not have shifted sufficiently in density to be part of the labeled density fraction, and high-GC-content organisms that did not incorporate the label may be erroneously inferred to be part of the labeled community. This could result in incomplete coverage when discrete, noncontiguous density intervals representing heavy and light fractions (13, 14) are selected for sequencing, omitting information about the microbial assemblage contained in the DNA at intermediate densities. In other cases, only the heavy fractions in both labeled and unlabeled treat-ments were sequenced and compared: any new organisms that appeared in the heavy fraction of the labeled treatment were inferred to have taken up enough of the isotope tracer to have shifted the density of their DNA (15) . This approach could have excluded organisms that incorporated the isotope tracer but, because of their low GC content, did not shift sufficiently to be represented in the heavy fraction. In these ways, SIP as typically practiced is a qualitative technique capable of identifying some of the organisms that utilize a substrate and not a quantitative one capable of exploring the full range of variation in isotope incorporation among microbial taxa.
Here, we describe modifications to SIP that enable isotopic incorporation into the genomes of individual taxa to be quantified. We developed an approach that quantifies the baseline densities of the DNA of individual taxa without exposure to isotope tracers and then quantifies the change in DNA density of each taxon caused by isotope incorporation. Using a model of isotope substitution in DNA, we convert the observed change in density to isotope composition. We show how qSIP applies in soil incubations using a specific carbon source ([ 13 C]glucose) and using a universal substrate for growing organisms ([ 18 O]water). We also show how combining these tracers provides insight into the microbial ecology of a biogeochemical phenomenon widely observed in soil, called the "priming effect" (16) . The priming effect is the phenomenon where "extra decomposition of native soil organic matter in a soil receiving an organic amendment" occurs (17) and was first documented over 80 years ago (18) (19) (20) . The opposite can also be found, where the addition of substrate suppresses organic matter mineralization (21) . Some hypotheses to explain priming invoke microbial biodiversity (22) , and yet, those controls remain cryptic, in part because of the difficulty of identifying organisms that respond indirectly to the addition of substrate by increasing the decomposition of native soil organic matter. Quantitative SIP has the potential to address these phenomena, by parsing out the contributions of specific microorganisms to the decomposition of the added substrate, labeled with 13 C, and to the decomposition of native soil organic matter, which an [
18 O]water label can detect. Furthermore, the determination of taxon-specific isotope enrichment for each element in qSIP lays the foundation for ascribing rates of element fluxes to particular organisms, which could help explain C fluxes in priming, typically measured on a soil mass basis (e.g., g C g Ϫ1 soil Ϫ1 day Ϫ1 ). In this way, this example illustrates the potential of qSIP to advance microbial ecology as a quantitative field, relating microbial biodiversity to element cycling at the ecosystem scale.
(This article was submitted to an online preprint archive [23] .)
MATERIALS AND METHODS
Soil incubations and DNA extractions. Our sample processing scheme, from soil collection, nucleic acid extraction, and centrifugation to data analysis, is summarized in Fig. 1 18 O-enriched water (atom fraction 97%). These treatments were selected in order to evaluate the effects of isotope addition on the density and isotopic composition of DNA. We assessed (i) the effect of 18 O in the absence of supplemental glucose as the difference between treatments 2 and 1, (ii) the effect of 13 C in the presence of supplemental glucose as the difference between treatments 4 and 3, and (iii) the effect of 18 O with supplemental glucose as the difference between treatments 5 and 3. In each case, these comparisons isolate the effect of the presence of an isotope tracer. The specific equations quantifying these comparisons are presented below.
After the incubation, samples were frozen and stored at Ϫ40°C. DNA was extracted from approximately 0.5 g soil using a FastDNA spin kit for soil (MP Biomedicals, Santa Ana, CA, USA) following the manufacturer's directions. Extracted DNA was quantified using the Qubit doublestranded DNA (dsDNA) high-sensitivity assay kit and a Qubit 2.0 fluorometer (Invitrogen, Eugene, OR, USA).
Density centrifugation and fraction collection. To separate DNA by density, 5 g of DNA was added to approximately 2.6 ml of a saturated CsCl and gradient buffer (200 mM Tris, 200 mM KCl, 2 mM EDTA) solution in a 3.3-ml OptiSeal ultracentrifuge tube (Beckman Coulter, Fullerton, CA, USA). The final density of the solution was 1.73 g cm Ϫ3 . The samples were spun in an Optima Max benchtop ultracentrifuge (Beckman Coulter, Fullerton, CA, USA) using a Beckman TLN-100 rotor at 127,000 ϫ g for 72 h at 18°C. After centrifugation, the density gradient was divided into fractions of 150 l each using a fraction recovery system (Beckman Coulter, Inc., Palo Alto, CA, USA). The density of each fraction was subsequently measured with a Reichert AR200 digital refractometer (Reichert Analytical Instruments, Depew, NY, USA). We did not include DNA standards of known GC content in each ultracentrifuge tube. Such standards are traditionally included when computation of GC content based on density is the primary goal (e.g., see references 12 and 24) but are not typically included in SIP studies (25) .
DNA was separated from the CsCl solution using isopropanol precipitation, resuspended in 50 l sterile deionized water, and quantified for each density fraction. We determined the total numbers of bacterial 16S rRNA gene copies in each density fraction by quantitative PCR (qPCR) using a pan-bacterial broad-coverage quantitative PCR technique (26) . All fractions were analyzed in triplicate in 10-l reaction mixtures that included 1 l of DNA template and 9 l of reaction mixture containing 1.8 M forward (5=-CCTACGGGDGGCWGCA-3=) and reverse (5=-GG ACTACHVGGGTMTCTAATC-3=) primers (bold letters denote degenerate bases), 225 nM TaqMan minor groove-binding probe (6FAM [6- carboxyfluorescein] 5=-CAGCAGCCGCGGTA-3= MGBNFQ), 1ϫ Platinum quantitative PCR supermix-UDG (Life Technologies, Grand Island, NY), and molecular-grade water. Amplification and real-time fluorescence detection were performed on the 7900HT real-time PCR system (Applied Biosystems). We provide the qPCR data for all density fractions in the supplemental material.
Data analysis of total 16S rRNA gene copy numbers. Based on the qPCR data, we produced a conventional SIP density curve by graphing the proportion of total 16S rRNA gene copies as a function of density, an approach often used to visualize the effect of isotope incorporation on the distribution of densities across the bacterial assemblage, delineating heavy and light regions for sequencing (9) (10) (11) . We also calculated the average DNA density for each tube as a weighted average of the density of each fraction in which 16S rRNA gene copies were detected, weighted by the proportional abundance of total 16S rRNA gene copies measured in that fraction for each tube. This provided an estimate of the average DNA density for each tube, enabling bootstrap testing of whether the addition of the isotope increased the density of DNA. Sequencing 16S rRNA genes. We sequenced the 16S rRNA gene in every density fraction that contained DNA (9 to 15 fractions per centrifuge tube) by dual-indexing amplicon-based sequencing on the Illumina MiSeq (Illumina, Inc., San Diego, CA, USA), using a previously published method (27) . For each density fraction, the 16S rRNA gene V3-V4 hypervariable region was amplified in 25-l reaction mixtures that included 5 l of genomic DNA (gDNA) in a 20-l reaction mixture containing 12.5 l Phusion high-fidelity PCR master mix with HF buffer (New England BioLabs, Inc., Ipswich, MA, USA), 0.75 l dimethyl sulfoxide (DMSO), 1.75 l sterile water, and 0.2 M each forward (5=-ACTCCTACGGGAG GCAGCAG-3=) and reverse (5=-GGACTACHVGGGTWTC-TAAT-3=) primers, each concatenated to a linker sequence, a 12-bp barcode, and a heterogeneity spacer of 0 to 7 bp in size. The following thermocycling conditions were used: an initial denaturation at 98°C for 30s, followed by 30 cycles of denaturation at 98°C for 30s, annealing at 62°C for 30s, and amplification/extension at 72°C for 30s. The resultant amplicons were normalized and pooled using the SequelPrep normalization kit (Life Technologies, Carlsbad, CA, USA), purified using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA), and sequenced in combination with ϳ20% PhiX control library (version 3; Illumina) in 300-bp paired-end MiSeq runs. Data analysis. Subsequent sequence processing and quality filtering were also performed as described in Fadrosh et al. (27) . Each read was assigned to the original sample based on the 24-bp dual-index barcode formed by concatenating the 12-bp barcodes from each paired-end read. After trimming the primer sequences, the original V3-V4 amplicon was reconstituted by stitching the paired-end reads without preliminary quality filtering using FLASH (28) , as FLASH includes error correction. We obtained 9,378,878 high-quality stitched reads that were subsequently processed at a median length of 410 bp.
The stitched reads were clustered using the uclust-based (29) open reference operational taxonomic unit (OTU) picking protocol (30) described in QIIME (version 1.8.0-dev) (31) against the Greengenes 13_8 reference database (32) . Representative sequences for each OTU were chosen as the cluster centroid sequences. OTUs with representative sequences that could not be aligned with PyNAST and OTUs with a total count of less than 2 across all samples (i.e., singleton OTUs) were excluded from subsequent analyses, leaving a total of 76,710 OTUs composed of 9,127,632 reads.
All taxonomic assignments used throughout this study were generated by QIIME's uclust consensus taxonomy assigner (default parameters) (33) against the Greengenes 13_8 97% reference OTUs (32) . The taxo-
FIG 1
Conceptual model of the quantitative stable isotope probing technique, from sample collection to determining the density of 16S rRNA gene fractions for individual taxa and their corresponding values of atom % stable isotope composition. Note that, except for the addition of the stable isotope tracer at the beginning of the incubation, all steps are applied identically to both labeled and unlabeled samples. Artwork by Victor Leshyk.
nomic abundances for each sample-taxon combination using the uclust consensus assigner were compared with taxonomic assignments made with the RDP classifier (confidence level of 0.5, as recommended in reference 34) using a nonparametric Pearson correlation test with 999 iterations. For each sample-taxon combination, taxonomic abundances were compared for the two assignment methods (i.e., using QIIME's compare_taxa_summaries.py script). The resulting P values were significant (P Ͻ 0.001) at all taxonomic levels, and the Pearson r values were high (Ͼ0.96) (see Table S1 in the supplemental material), indicating that the taxonomic profiles generated by the different methods were nearly identical. The analyses performed here focused on taxonomic classification to the level of genus, of which the uclust consensus assignment yielded a total of 790 genera. The genera included for analysis were the 379 that occurred in all replicate tubes; these were also the most abundant taxa, representing 99.531% of the total 16S rRNA gene copies across the data set. All QIIME commands used in this analysis are provided in the supplemental material.
Overview of quantitative taxon-specific isotope incorporation. In the following sections, we describe the calculations required to determine the isotopic composition of individual taxa after exposure to isotopically labeled substrates. In this approach, the taxon-specific density of DNA in the treatment with the isotopically labeled substrate is computed and compared to the density of DNA for the same taxon in the treatment with no added isotope tracer. For a particular element and isotope, the density of DNA will reach a maximum value when all atoms of that element in the DNA molecule are labeled with the isotope tracer. Smaller shifts in density reflect intermediate degrees of tracer incorporation; the scaling between density shift and isotope incorporation is linear after accounting for the effect of GC content on the elemental composition of DNA. The incorporation of the isotope tracer is expressed as atom fraction excess, which is the increase above the natural abundance isotopic composition and ranges from a minimum of 0 to a maximum of 1 minus the natural abundance background for a given isotope-element combination. Variables, calculated quantities, and indices are defined in Table 1 .
Calculating taxon-specific changes in density. Taxon-specific changes in density caused by isotope incorporation were calculated as shown in equations 1 to 12 below. Calculations at the scale of individual density fractions (equation 1) and of individual replicate tubes (equations 2 and 3) were conducted for each density fraction and each tube independently. Other calculated quantities compared tubes with and without isotopes (equations 4 and 10 to 12), where we used means across replicates to estimate the mean difference and resampling with replacement (bootstrapping) to determine confidence intervals (CIs), as described below. In all cases, the independence of true replicates was preserved.
As described above, we determined the total number of 16S rRNA gene copies (f k ) using the universal 16S rRNA primer for qPCR of each fraction (k) in each replicate density gradient (j). Also as described above, we used sequencing to determine the proportional abundance of each taxon (i) within each density fraction (k), again for each replicate density gradient (j). This proportional abundance of each individual taxon within an individual density gradient from a particular replicate tube is abbreviated p ijk . We calculated the total number of 16S rRNA gene copies per l (y ijk ) for bacterial taxon i in density fraction k of replicate j as follows:
The total number of 16S rRNA gene copies (y ij ) for bacterial taxon i in replicate j is summed across all K density fractions as follows: Atom fraction excess of 13 C in the labeled vs unlabeled treatment for taxon i (unitless)
The density (W ij ) for bacterial taxon i of replicate j was computed as a weighted average, summing across all K density fractions the density (x jk ) of each individual fraction times the total number of 16S rRNA gene copies (y ijk ) in that fraction, expressed as a proportion of the total 16S rRNA gene copies (y ij ) for taxon i in replicate j, as follows:
For a given taxon, we calculated the difference in density caused by isotope incorporation (Z i ) as follows:
where W LABi is the mean, across all replicates, of the isotope-enriched treatment (labeled [LAB]; n ϭ 3) and W LIGHTi is the mean, across all replicates, of the unlabeled treatment (unlabeled [LIGHT]; n ϭ 6). Because our experiment had multiple treatments without heavy isotopes, we included data from all replicate tubes in those unlabeled treatments (i.e., unlabeled treatments with and without added carbon; n ϭ 6) to estimate the unlabeled average density (W LIGHTi ) for each taxon i. Calculating taxon-specific GC content and molecular weight. We calculated the GC content (G i ) of each bacterial taxon using the mean density for the unlabeled (W LIGHTi ) treatments (n ϭ 6). We derived the relationship between GC content and buoyant density using DNA from pure cultures of three microbial species with known and strongly differing GC contents (see below). For these cultures, the linear relationship between GC content (G i , expressed as a proportion) and unlabeled buoyant density (W LIGHTi ) on a CsCl gradient was as follows:
This relationship differs from the established relationship between GC content and density (12) . As noted above, our method of determining density relied on direct measurements of refraction on individual density fractions, as is the typical practice for SIP studies (25) . It is possible that including DNA standards of known GC content in each ultracentrifuge would yield results more consistent with the established relationship. Practitioners should include specific measures to calibrate their laboratory techniques to this relationship.
The natural abundance molecular weight of DNA is a function of GC content, based on the atomic composition of the four DNA nucleotides. Single-stranded DNA made of pure adenine (A) and thymine (T) has an average molecular weight of 307.691 g mol Ϫ1 . The corresponding average molecular weight for DNA comprising only guanine (G) and cytosine (C) is 308.187 g mol Ϫ1 . When the GC content is known, the average molecular weight of a single strand of DNA can be calculated using the following equation:
Percent change in molecular weight associated with isotope incorporation. There are 12 oxygen atoms per DNA nucleotide pair, regardless of GC content: 6 each for G and C, 7 for T, and 5 for A. These atoms contain 18 O at natural abundance, which we assume to be 0.002000429 atom fraction for 18 O (36) . The maximum labeling is achieved when all oxygen atoms are replaced by 18 O. Therefore, given the molecular weight of each additional neutron (1.008665 g mol Ϫ1 [37] ), the maximal increase in molecular weight (corresponding to 1 atom fraction 18 O, or 100% atom percent 18 O) is 12.07747 g mol Ϫ1 . The theoretical maximum molecular weight (M HEAVYMAXi ) of fully 18 O-labeled DNA for taxon i is then calculated as follows:
In contrast, the number of carbon atoms per DNA nucleotide varies with GC content. There are 10 carbon atoms in G, A, and T but only 9 in C. The average number of carbon atoms per DNA nucleotide (H CARBONi ) for taxon i can therefore be expressed as follows:
We assume these atoms are 13 C-labeled at natural abundance (0.01111233 atom fraction 13 C [36] ). The maximal labeling is achieved when all carbon atoms are replaced by 13 C. Complete replacement of carbon atoms with 13 C increases the molecular weight by 9.974564 g mol Ϫ1 for G, A, and T and by 8.977107 g mol Ϫ1 for C. Using equation 8, the theoretical maximum molecular weight (M HEAVYMAXi ) of fully 13 Clabeled DNA can be calculated as follows, with GC content (G i ) expressed as a proportion:
Calculating isotope enrichment from density shifts. We calculated the proportional increase in density (Z i ) relative to the density of the unlabeled treatments (W LIGHTi ) and calculated the molecular weight of DNA for taxon i in the labeled treatment (M LABi ) as follows:
The atom fraction excess of 18 O for taxon i (A OXYGENi ), accounting for the background fractional abundance of 18 O (0.002000429 [36] ), is then calculated as follows:
We used the results from a pure culture study with Escherichia coli, grown using water with different levels of 18 O enrichment (natural abundance, 5, 25, 50, and 70% atom fraction 18 O; see below) to compare to the theoretical calculations of atom fraction excess 18 O derived above. Similarly, the atom fraction excess 13 C for taxon i (A CARBONi ), accounting for the background fractional abundance of 13 C (0.01111233 [36] ), is calculated as follows:
Pure culture studies. To verify the predicted relationship between increased density and atom fraction excess, we conducted experiments with a pure Escherichia coli culture. The E. coli (strain HB101, GC content 50.8%) culture was shaken at 100 rpm for 8 h at 37°C in Luria-Bertani (LB) broth that was prepared with a mixture of natural abundance and [
18 O]water to achieve five [ 18 O]enrichment levels (natural abundance, 5, 25, 50, and 70% atom fraction 18 O). Genomic DNA was extracted in triplicate using the PowerLyzer UltraClean microbial DNA isolation kit according to the manufacturer's instructions (Mo Bio Laboratories, Inc., Carlsbad, CA). We also grew pure cultures of two additional strains of bacteria selected for low GC content (Staphylococcus epidermidis ATCC 49461, 32.1%) and high GC content (Micrococcus luteus ATCC 49732, 73%). S. epidermidis was grown for 24 h on brain heart infusion agar at 37°C, and M. luteus was grown with LB agar at 23°C. These cultures were grown with substrates and water at natural abundance stable isotope composition.
For each culture, genomic DNA was extracted in triplicate. Approximately 800 ng of each DNA extract was used for isopycnic centrifugation, density quantification, and DNA isotope analysis. The 18 O composition of the E. coli DNA was determined with a PyroCube (Elementar Analysensysteme GmbH, Hanau, Germany) interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, United Kingdom) at the UC Davis Stable Isotope Facility (Davis, CA). Samples were prepared by diluting the E. coli DNA with natural abundance salmon sperm DNA to achieve enrichment levels below 100‰ ␦ 18 O for isotope analysis. The densities of DNA from the cultures grown at natural abundance isotope composition were used to determine the relationship between the density of DNA and its GC content, yielding the relationship described in equation 5 (r 2 ϭ 0.912; P Ͻ 0.001).
Statistical analysis. We used linear regression to examine the relationships between the [
18 O]water composition of the growth medium and the 18 O composition of E. coli DNA, as well as between the 18 O composition of E. coli DNA and its density.
Following the equations above, we computed the difference in densities, Z i , between treatments with and without isotope tracers and the corresponding values of isotope composition, A OXYGENi and A CARBONi . Each calculated quantity was determined for each replicate sample. We then used bootstrap resampling (with replacement, 1,000 iterations) of replicates within each treatment to estimate taxon-specific 90% CIs for the change in density (equation 4) and the corresponding value of atom fraction excess isotope composition (equation 11 for oxygen and equation 12 for carbon). For each bootstrap iteration, three samples (with replacement) were drawn from the treatment with added isotope and six samples were drawn from the no-isotope controls. All calculations were performed in R (38) .
Density fractionation separates organisms according to GC content (12), as well as isotope incorporation, so traditional SIP may be biased toward identifying high-GC-content organisms as growing or utilizing a substrate (39, 40) . To test whether qSIP exhibited any such bias, we used density without isotope addition as a proxy for GC content and tested whether the densities of organisms identified as assimilating (90% CIs did not include 0 for A CARBON or A OXYGEN ) differed in density from organisms where assimilation was not detected.
Our focus was on the magnitude of variation in Z i , A OXYGEN , and A CARBON , because the goal of our work was to establish a means to discern from SIP experiments quantitative estimates of isotope tracer uptake. These values lie along a continuum from no uptake to complete isotope replacement, and our approach estimates the values and places confidence limits on those estimates. We did not use null hypothesis significance testing for assessing density shifts and isotope tracer uptake, because our priority was on estimation rather than determining statistical significance. For this reason, we selected bootstrap resampling rather than, for example, t tests or analyses of variance (ANOVAs). Parametric tests could of course be applied in future applications of this technique and may be appropriate, for example, for statistical comparisons of treatments postulated to alter isotope tracer uptake. In such cases, correcting for multiple comparisons may be appropriate, depending on the nature of the question and the balance between type I and type II error rates. We note that, in typical SIP experiments, an organism is considered to be growing or utilizing a substrate if it exhibits a change in relative abundance when comparing the heavy fraction of the labeled sample to the control (e.g., see reference 10) or comparing the heavy fraction to the light fraction (e.g., see reference 41) , and yet, assessments of variation in these estimates are not typically presented. Our approach assesses both the quantitative values of isotope uptake and the variation associated with those estimates.
Accession number. All sequence data have been deposited at MG-RAST (35) under project accession number 14151.
RESULTS
In the pure culture experiments, the 18 O composition of E. coli DNA was strongly related to the 18 O composition of water in the growth medium, supporting the notion that oxygen from water is quantitatively incorporated into the DNA of growing organisms (P Ͻ 0.001; r 2 ϭ 0.976) (Fig. 2A) . The slope of the relationship, 0.334 Ϯ 0.017 (mean Ϯ standard deviation; n ϭ 15), indicates that 33% of oxygen in E. coli DNA was derived from water. The shift in density of E. coli DNA with 18 O incorporation matched well the theoretical prediction of the model of isotope substitution in the DNA molecule (equations 10 and 11; Fig. 2B ). These results confirm that ultracentrifugation in CsCl can serve as a quantitative mass separation procedure, resolving variations in isotope tracer incorporation into DNA. These results also support our model of the relationship between the density of nucleic acids and isotopic substitution in the DNA molecule.
In soil incubations, DNA density averaged across the entire community tended to increase in response to isotope addition (Fig. 3) . The addition of [ 13 C]glucose (Fig. 3A) increased the density of DNA by 0.0043 g cm Ϫ3 , but the 90% CI for this increase overlapped zero (Ϫ0.002 to 0.0091 g cm Ϫ3 ). The addition of 18 Owater (Fig. 3B) caused a similar increase in density, 0.0041 g cm Ϫ3 , but the 90% CI for this increase also overlapped zero, spanning Ϫ0.0011 to 0.0090 g cm Ϫ3 . The incubations receiving [ 18 O]water and supplemental glucose (natural abundance isotope composition) exhibited the largest increase in average DNA density, 0.0090 g cm Ϫ3 , and in this case, the 90% confidence limit did not overlap zero (0.0065 to 0.0125 g cm Ϫ3 ). These comparisons estimate the change in density of DNA fragments encoding the 16S rRNA gene across all taxa considered together. Figure 3 also illustrates the density distributions often used in SIP experiments to visualize the qualitative cutoff between labeled and unlabeled regions suitable for sequencing.
Sequencing all fractions allowed analogous density distributions for individual taxa to be visualized. plemental glucose. For this taxon, the shift in density (Z) due to 18 O incorporation was Ϫ0.0002 g cm Ϫ3 , with the 90% CI spanning Ϫ0.0046 to 0.0049 g cm Ϫ3 (Fig. 4A) . The shift in density due to 18 O incorporation increased when unlabeled glucose was also added (Z ϭ 0.0169 g cm Ϫ3 , 90% CI of 0.0146 to 0.0194 g cm Ϫ3 ) (Fig. 4B) . This bacterial taxon, therefore, did not incorporate the 18 O tracer in unamended soil but did synthesize new DNA using 18 O derived from H 2 O in response to glucose addition. The DNA of an unidentified genus in the family Pseudonocardiaceae similarly exhibited no change in density in the absence of supplemental glucose (Z ϭ 0.0005 g cm Ϫ3 , 90% CI of Ϫ0.0033 to 0.0045 g cm Ϫ3 ) and exhibited only a slight increase in response to the addition of glucose (Z ϭ 0.0040 g cm Ϫ3 , 90% CI of 0.0015 to 0.0070 g cm Ϫ3 ) (Fig. 4C and D) . In contrast, the density of DNA in a member of the genus Herpetosiphonales increased in soil without any supplemental glucose (Z ϭ 0.0124 g cm Ϫ3 , 90% CI of 0.0105 to 0.0143 g cm Ϫ3 ) (Fig. 4E ), but the density did not increase further in response to the addition of glucose (Z ϭ 0.0110 g cm Ϫ3 , 90% CI of 0.0088 to 0.0133 g cm Ϫ3 ) (Fig. 4F) . These results show that, by dividing the density gradient into multiple fractions and sequencing each separately, one can determine changes in the density of DNA for individual taxa caused by the assimilation of stable isotope tracers.
The taxon-specific shifts in average density associated with incorporation of the heavy isotope (Fig. 5 ) translate directly to quantitative variation in isotope composition, expressed here as atom fraction excess 18 O (A OXYGEN ) (Fig. 5 , left and middle) and 13 C (A CARBON ) (Fig. 5, right) . The detection limit for a shift in density is the median change in density required to shift the lower bound of the bootstrapped 90% confidence limit above zero. As constrained by our sampling design, these values were 0.0037 g cm Ϫ3 for 18 O and 0.0044 g cm Ϫ3 for 13 C, changes that correspond to 0.056 atom fraction excess 18 O and 0.081 atom fraction excess 13 C. No taxon exhibited a detectable decline in density in response to isotope addition (i.e., a negative mean density shift with a confidence interval that did not include zero).
More than half of the bacterial genera (209 genera) did not exhibit any detectable excess 18 O enrichment under control conditions without added glucose; in other words, the lower bounds of the confidence intervals for these genera overlapped zero (Fig.  5, left) . Of the 170 taxa that did exhibit detectable 18 O enrichment without added glucose, the corresponding values of atom fraction excess 18 O ranged from 0.047 (90% CI of 0.001 to 0.100) in a (Fig. 5, middle) , with a minimum of 0.036 (90% CI of 0.004 to 0.064) in an unidentified genus of the family Ktedonobacteraceae and a maximum of 0.365 (90% CI of 0.282 to 0.449) in an unidentified genus within the class AT12OctB3 of the phylum Bacteroidetes. The bacterial taxa in this soil varied in atom fraction excess 18 O under control conditions and in response to added glucose (Fig. 5, left and middle) . Atom fraction excess 13 C reflects direct assimilation of C from the added glucose (Fig. 5,  right) , and it ranged from no detectable enrichment among 215 of the 379 genera to over half of the carbon atoms comprising 13 C in the DNA of a member of the Micrococcaceae (0.525, 90% CI of 0.458 to 0.592).
GC bias. There was no evidence of GC bias in qSIP. There were negligible differences in densities between organisms exhibiting tracer assimilation and those not exhibiting tracer assimilation ( Table 2 ). The inferred GC contents averaged 52.3% (90% CI of 44.6 to 57.3) for organisms exhibiting tracer assimilation, very close to the average of 52.8% inferred GC content for taxa for which assimilation was not detected (90% CI of 45.1 to 58.2).
Soil incubations: multiple-element quantitative stable isotope probing. There was a strong positive relationship between increased atom fraction excess 18 O in response to the addition of glucose and the direct utilization of glucose-derived C (atom fraction excess 13 C; r 2 ϭ 0.51, P Ͻ 0.001) (Fig. 6) . The expected relationship (Fig. 6, solid line) reflects the case where glucose is the sole C source, and thus, there should be a 0.33 atom fraction excess increase in 18 O for each 1 atom fraction excess increase in 13 C, based on our finding that 33% of the oxygen molecules in DNA are derived from water (Fig. 2) . For many taxa, the increase in atom fraction excess 18 O in response to added glucose exceeded the expected amount (Fig. 6, solid line ).
DISCUSSION
We demonstrate that stable isotope probing of bacterial assemblages in natural environments can yield quantitative information about the assimilation of isotope tracers into bacterial DNA with fine taxonomic resolution. This work establishes a framework for coupling quantitative interpretation of stable isotope tracer experiments with microbial diversity, a coupling essential for understanding how to represent microbial diversity in biogeochemical models.
The shifts in density we could detect using qSIP (0.0034 to 0.0042 g cm Ϫ3 ) (Fig. 5) are nearly an order of magnitude smaller than those typically used to resolve the assimilation of stable isotopes into newly synthesized DNA using conventional SIP, in which light and heavy density fractions often differ by 0.03 g cm Ϫ3 (14, 42) or more (13, 25, 43) . For 13 C, the minimum required change in density for SIP has been estimated to be 0.01 g cm Ϫ3 , corresponding to 0.2 atom fraction excess (7) . The approach presented here achieves higher resolution by accounting for taxonomic differences in the density of DNA caused by natural variation in GC content. It may be possible to improve the resolution we achieved. We collected fractions in discrete density increments of 0.0036 g cm Ϫ3 (average difference in density between adjacent fractions), setting a limit on the changes in density we could detect. This difference in density between the adjacent fractions we collected is comparable to the density shifts of bacterial taxa that we could resolve: the mean density shift required for the lower confidence limit to exceed zero was, on average, 0.0034 g cm Ϫ3 for 18 O and 0.0042 g cm Ϫ3 for 13 C. Thus, it is possible that separation of the nucleic acids into finer density fractions will afford higher precision in the estimates of stable isotope composition. Furthermore, our sample size was quite low; higher replication would achieve finer resolution. Nevertheless, the finding that no taxon exhibited a detectable decline in density in response to isotope addition is encouraging. Such a result would be illogical because isotope tracer uptake cannot be negative, but it could arise from large random variation (natural and measurement error) and low sample size. The absence here of such negative confidence intervals indicates that our bootstrapping application to qSIP is not particularly subject to false-positive inference.
The resolution achieved by sequencing individual density fractions, though an improvement over traditional SIP, is still very coarse compared to the resolution achieved with isotope ratio mass spectrometry. The detection of differences between taxa with quantitative stable isotope probing (ϳ0.05 atom fraction excess) is 4 orders of magnitude less precise than that achieved with gas isotope ratio analysis of bulk organic matter in continuous flow, where differences of 0.000005 atom fraction excess or better (Ͻ0.5‰) can be resolved (44) . Isopycnic centrifugation to quantify isotope composition is also less precise than compound-specific analysis of biomarkers, for example, of 13 C in fatty acids, where resolution of 0.00002 atom fraction excess (or 2‰) is typical (45) (46) (47) . Coupling stable isotope tracing with nanoscale secondary ion mass spectrometry (Nano-SIMS) and microarrays, a coupling called Chip-SIP (48) , can resolve 0.005 atom fraction excess for 15 N and 0.001 for 13 C (49), considerably more precise than qSIP.
qSIP has advantages over these other techniques in taxonomic resolution. For compound-specific biomarkers, specific fatty acids serve as biomarkers for up to a dozen groups of microorganisms, which is much coarser taxonomic resolution than that afforded by qSIP. Chip-SIP requires nucleic acid probes, necessitating a priori decisions as to what sequences to collect for isotopic analysis and the preparation of microarrays implanted with those sequences prior to the addition of the isotope. For this reason, in Chip-SIP, the taxonomic resolution in the isotope fluxes is influenced by information gathered without knowledge of which taxa are biogeochemically important. One advantage of qSIP is that sequencing occurs after isotope enrichment, enabling quantitative exploration of the biodiversity involved in biogeochemistry without having to decide a priori where to focus. Furthermore, the taxonomic resolution possible with a microarray is limited by probe specificity and fidelity, whereas the resolution afforded by qSIP is very high, equivalent to the resolution of the sequencing technology applied to the density fractions. Chip-SIP also requires access to Nano-SIMS, which is expensive and technically challenging, limiting its wide adoption in the field.
Other approaches used to link element fluxes to microbial taxa are limited to target organisms, such as fluorescent in situ hybridization (FISH) coupled with SIMS (50) or halogen in situ hybridization-SIMS (51). Bromodeoxyuridine (BrdU) uptake has been proposed as a universal technique for identifying growing organisms (52) and their responses to environmental perturbations (53) . However, there is up to 10-fold variation among taxa in the conversion between BrdU uptake and growth that is unrelated to taxonomic affiliation, a bias calling into question the quantitative universality of this technique (54) . Compared to these other techniques, qSIP can assess quantitatively the entire microbial assemblage at fine taxonomic resolution, a solid foundation for exploring quantitatively the relationships between microbial biodiversity and the biogeochemistry known to be microbial.
Our finding that many bacterial taxa did not exhibit any increase in 18 O content under control conditions (Fig. 5, left) is consistent with the notion that a portion of the soil microbial biomass is not growing and may be metabolically inactive (55) . The increase in atom fraction 18 O and 13 C with added glucose indicates that the addition of glucose stimulates bacterial growth, not just respiration. The breadth of taxa that exhibited a positive response to glucose addition is consistent with glucose being a widely utilized substrate (56) , though there are two other possible mechanisms. First, over the 7-day duration of the incubation period, glucose was assimilated by cells that then died, releasing labeled cellular constituents that were then available to the rest of the microbial community (57) . We cannot distinguish between direct utilization of the added glucose and utilization of labeled cellular constituents produced by another organism. This applies equally to the 18 O-labeled and 13 C-labeled assemblages. Second, [
18 O]water is a universal tracer for DNA synthesis, not necessarily tied to any particular carbon source (58, 59) . The observed increase in atom fraction excess 18 O includes growth stimulation caused by the carbon contained in the added glucose, along with the growth stimulation caused by increased rates of utilization of other carbon sources. In contrast, atom fraction excess 13 C in response to [ 13 C]glucose addition traces the incorporation of carbon atoms from glucose (or derived from glucose via other metabolites, as discussed above) into newly synthesized DNA (Fig. 5,  right) . This is expected, because the addition of glucose stimulates growth and DNA synthesis (60, 61) . In summary, the effect of added glucose was apparent as (i) an overall stimulation of growth, independent of the specific carbon substrate, and (i) a stimulation of growth that relied directly on glucose-derived carbon.
The combination of 18 O and 13 C tracers enabled quantitative partitioning of these direct and indirect effects, based on the deviation in the data from the expected relationship between 18 O and 13 C enrichment for organisms utilizing glucose as a sole carbon source (Fig. 6, solid line) . One explanation for this deviation is that most taxa derive more than 33% of the oxygen in DNA from environmental water. Quantitative variation in the contribution of water to oxygen in DNA could occur, for example, due to the variation in the oxidation state of the carbon substrate (e.g., lipids versus carbohydrates), though to our knowledge, this variation is not known. Given the universality of the mechanism of DNA replication, it is unlikely that taxa vary widely in the contribution of water to oxygen, at least when grown on a common substrate.
A more parsimonious explanation of the deviation we observed is that it represents the utilization of C sources other than glucose for growth. In other words, the added glucose stimulated the utilization of native soil C as a growth substrate. This points to the potential for quantitative stable isotope probing to test hypotheses regarding microbial diversity in the commonly observed phenomenon where the addition of simple C substrates to soil alters the mineralization of native soil C (16). This so-called priming effect is common and quantitatively significant (16) but remains mechanistically inscrutable. In past priming studies employing 13 C-SIP, some components of the microbial community were found to utilize as growth substrates the 13 C-labeled compounds added to initiate priming, though inferences about the organisms responsible for priming-i.e., degrading native soil organic matter-were weak, because no independent marker could validate their activity (62) (63) (64) . Combining isotope tracers (using both 13 C and 18 O) can help by distinguishing microorganisms that respond to the original substrate pulse from those that respond indirectly by degrading soil organic matter (11) , an approach useful for testing hypotheses about which groups of microorganisms contribute to priming. qSIP advances this one step further, by enabling quantitative comparisons of microorganisms' utilization of the added substrate and of soil organic matter for growth. Future analyses combining qSIP with system-level C fluxes would support stronger inferences about the role of specific microorganisms in the priming effect. The analysis presented here suggests that some microorganisms respond to glucose addition by enhancing their rates of utilization of native soil carbon, enabling additional biosynthesis (Fig. 6 ). More generally, the taxonomic diversity of responses we observed highlights the potential for this technique to provide insight into the population and community ecology behind biogeochemical phenomena involving such indirect effects (e.g., see references 16 and 17) .
Quantifying isotope composition is the first step in determining the rate of substrate utilization in isotope tracer experiments and the foundation for comparing rates of substrate utilization and element fluxes among different taxa in intact microbial communities. This work advances a quantitative approach to stable isotope probing in order to elucidate taxon-specific processes that drive element cycling in intact communities, bringing to microbial ecology the power of stable isotopes to quantify rates of element fluxes into and through organisms (65, 66) . Like Chip-SIP (48, 67) , qSIP provides a means to quantify the ecology of organisms about which we know little more than the genetic fragment used to identify their unique place on the tree of life. These approaches lay the groundwork for a quantitative understanding of microbial ecosystems, including the types of ecological interactions previously described among macroorganisms that influence ecosystem processes. Quantitative stable isotope probing adds to the suite of tools that facilitate the interpretation of stable isotope tracer experiments in microbial communities, probing the quantitative significance of microbial taxa for biogeochemical cycles in nature.
